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Nonequilibirum noise spectrum and Coulomb–blockade–assisted Rabi interference
in a double-dot Aharonov-Bohm interferometer
Jinshuang Jin∗
Department of Physics, Hangzhou Normal University, Hangzhou, Zhejiang 311121, China
We investigate the charge–states coherence underlying the nonequilibirum transport through a
spinless double-dot Aharonov-Bohm (AB) interferometer. Both the current noise spectrum and real-
time dynamics are evaluated with the well–established dissipaton–equation–of–motion method. The
resulted spectrums show the characteristic peaks and dips, arising from coherent Rabi oscillation dy-
namics, with the environment–assisted indirect inter-dot tunnel coupling mechanism. The observed
spectroscopic features are in a quantitative agreement to the real-time dynamics of the reduced
density matrix offdiagonal element between two charge states. As the aforementioned mechanism,
these characteristics of coherence are very sensitive to the AB phase. While this is generally true for
cross-correlation spectrum, the total circuit noise spectrum that is experimentally more accessible
shows remarkably rich interplay between various mechanisms. The most important finding of this
work is the existence of Coulomb–blockade–assisted Rabi interference, with very distinct signatures
arising from the interplay between the AB interferometer and the interdot Coulomb interaction
induced Fano resonance.
PACS numbers: 72.70.+m,73.23.Hk,85.35Ds,03.65.Yz
I. INTRODUCTION
Quantum transport through a parallel double-dot em-
bedded in Aharonov-Bohm (AB) interferometer has been
attracted much attention, in both experiments [1–6] and
theories [7–15]. This is a promising candidate for solid
state qubit devices [2, 16]. The observed transport cur-
rent shows the AB oscillation as a function of the mag-
netic flux [2, 3]. Physically, the observed features exhibit
a rich interplay between Coulomb interaction [9–14], in-
terdot tunneling [5–9], inelastic electron cotunneling pro-
cesses [3, 15], and so on. Recent interests include the
dynamical effect of charge-state coherence on transient
transport in double–dots AB interferometer [17–22]. It
is found that in the absence of Coulomb interaction, the
charge qubit states experience the phase localization at
values of mπ [20, 21]. On the other hand, the inter-
dot Coulomb interaction opens Coulomb–assisted chan-
nels [22], which interfere with the single-electron impu-
rity channels. The relative phase is no longer local-
ized but continuously controllable with the magnetic flux
[22]. Moreover, an almost decoherence–free charge qubit
state emerges at the current–voltage turnover position
[22], where differential conductance is zero. This is the
double-dot electron pair tunneling resonance condition
[23], where the chemical potential of one electrode is at
the center between a single-electron impurity channel and
the related Coulomb-assisted channel.
Comparing to the average current characteristics, the
shot noise spectrum offers much detailed insights in
nonequilibirum quantum transport [24–27]. The zero–
frequency noise describes mainly the statistical behavior
of the steady state. It has been used to measure the ef-
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fective carrier charge that can be either fraction [28–30]
or integer [31, 32]. As anticipated, shot noise spectrum
is more sensitive than current to quantum interference,
which is particularly prominent in such as the double–
dot AB interferometer in the Kondo regime [33–35]. The
evaluated shot noise oscillation behavior in Ref. 33 well
reproduced that of experiment [2].
Recent progress in on-chip detection allows the high–
precision measurement of quantum current–current cor-
relator spectrum in the full frequency range [36–42].
Nonequilibrium quantum noise spectrum contains rich
correlated dynamics information [43–52]. It is neither
asymmetric nor detailed–balance related, with respect
to the sign of frequency. However, most of theoretical
studies were carried out for symmetrized noise spectrum,
based on the MacDonald’s formula [53]. This is a Marko-
vian and quasiclassical treatment. Nevertheless, the eval-
uated spectrum does show the oscillation dynamics in-
duced by interdot transfer couplings [54]. It had also
identified a pronounced super/sub-Poissonian statistics
at spin-spin interaction energies [55].
In this work, we investigate the nonequilibrium quan-
tum current noise spectrum for the nondegenerate
double-dot AB (DD-AB) interferometer systems. We
do not include the Kondo effect that is important in
the low temperature regime. Both lead-specified and to-
tal circuit current noise spectrums are accurately evalu-
ated based on the well–established dissipaton–equation–
of–motion (DEOM) theory [56–58]. It is well-known that
the total noise spectrum is the consequence of the lead-
specified current-current interference. Our main results
but not limited are as follows. (i) The current noise
spectrums show rich characteristics in relation to the co-
herent Rabi oscillation. This is in a good agreement to
the real-time dynamics of the reduced density matrix off–
diagonal element between two charge states; (ii) The ob-
served Rabi characteristics arise from the environment-
2assisted indirect interdot coupling; (iii) In the absence of
the interdot Coulomb interaction, the total circuit noise
spectrum for pristine double-dot (AB phase φ = 0) only
shows the non-Markovian quasi-step features. There are
no Rabi signal, which exists in the lead-specified auto-
correlation and cross-correlation current noise spectra.
The disappearance of the Rabi signal in the total circuit
noise is due to the lead-specified current destructive in-
terference; (iv) However, the Rabi dips do appear when
AB phase is nonzero and reach maximum at φ = π;
(v) Remarkably, in the presence of the strong interdot
Coulomb interaction, the Rabi dips in the total circuit
noise spectrum become Fano profiles. This is the so-
called Coulombblockadeassisted (CB–assisted) Rabi in-
terference phenomenon. Its signature in the circuit noise
develops from the peak at AB phase φ = 0 to dip at
φ = π, and Fano line shape in between.
The remainder of this paper is organized as follows. In
Sec. II, we present the model and the quantities of inter-
est, with their evaluations via the DEOM approach being
detailed in Appendix A. In Sec. III, we demonstrate the
numerically accurate results of the current noise spectra,
including the auto-correlation, cross-correlation and the
total circuit ones together with the real-time dynamics
of reduced density matrix. First, we consider the non-
interacting scenarios in Sec. III A. We then exploit the
effect of interdot Coulomb interaction and CB–assisted
Rabi interference in Sec. III B and Sec. III C, respectively.
In line with the experimental realization of AB interfer-
ometer [6], we discuss the effect of the indirect interdot
tunneling strength, by introducing the indirect coupling
parameter [5], on the noise spectra and the real-time dy-
namics of reduced density matrix in Appendix B. Finally,
we conclude this work with Sec. IV.
II. METHODOLOGY
Consider a parallel double-dot embedded in an AB
interferometer and coupled to the electron reservoirs.
The total Hamiltonian is composed of the three parts,
HT = HS +HB +HSB. The double-dot system Hamilto-
nian is modeled by
HS =
∑
u=1,2
εuaˆ
†
uaˆu + Unˆ1nˆ2. (1)
Here, aˆu (aˆ
†
u ) denotes the annihilation (creation) oper-
ator of the electron in dot-u with the energy level εu,
nˆu = aˆ
†
uaˆu is the electron occupation, and U is the in-
terdot, capacitive Coulomb interaction strength. The in-
volved charge states in the double dots are |0〉 = |00〉,
|1〉 = |10〉, |2〉 = |01〉, and |d〉 ≡ |11〉, i.e., the empty,
the dot-1 occupied, the dot-2 occupied, and double–dots–
occupancy states, respectively. The two single-electron
charge states of |1〉 = |10〉 and |2〉 = |01〉 can be served as
a charge qubit [59–62]. The quantum coherence proper-
ties of the double-dot states are described by the reduced
system density matrix, ρ(t) ≡ trBρtot(t), i.e., the partial
trace of the total density operator ρtot over the electrode
bath degrees of freedom.
The environment bath Hamiltonian of the two electron
reservoirs is given by
HB =
∑
αk
(ǫαk + µα)cˆ
†
αk cˆαk. (2)
Here, cˆ†αk (cˆαk) denotes the creation (annihilation) oper-
ator of the electron with momentum k and energy ǫαk,
in the left (α = L) or right (α = R) reservoir, un-
der the applied bias voltage potential, eV = µL − µR.
The system–bath coupling assumes the standard tunnel-
ing form, which in the presence of an AB interferometer
reads
HSB =
∑
αuk
(
eiφαutαuk aˆ
†
ucˆαk +H.c.
)
. (3)
The AB phases via threading a magnetic flux Φ sat-
isfy φL1 − φL2 + φR2 − φR1 = φ ≡ 2πΦ/Φ0, where Φ0
is the flux quantum. Without loss of generality, we
adopt φL1 = −φL2 = φR2 = −φR1 = φ/4, due to the
gauge invariant [18, 20]. To complete the description,
one requires the reservoir hybridization spectral function,
Jαuv(ω) ≡ πei(φαv−φαu)
∑
k t
∗
αuktαvkδ(ω − ǫαk). For sim-
plicity, we set it a Lorentzian-type form [62–64],
Jαuv(ω) =
ΓαuvW
2
ω2 +W 2
, (4)
with Γαuu = Γα and
ΓL12 = Γ
∗
L21 = λLΓLe
−iφ/2,
ΓR12 = Γ
∗
R21 = λRΓRe
iφ/2.
(5)
Here, 0 ≤ |λα| ≤ 1, is the indirect interdot coupling
parameter [5, 6]. Moreover, the AB interferometer takes
effect only when λα 6= 0. Throughout this work, we
adopt the unit of e = ~ = 1, for the electron charge and
the Planck constant.
The current operator for the electron transfer from α-
reservoir to impurity system is Iˆα ≡ − ˙ˆNα = −i[Nˆα, HT].
Here, Nˆα =
∑
k cˆ
†
αk cˆαk is the electron number in the
α-reservoir. Let Istα be the steady–state current (I
st
L =
−IstR ≡ I¯) and δIˆα(t) ≡ Iˆα(t) − Istα . The fluctuating
current correlation function is then〈
δIˆα(t)δIˆα′ (0)
〉
=
〈
Iˆα(t)Iˆα′ (0)
〉− Istα Istα′ . (6)
The susceptibility of the shot noise fluctuation is related
to the half-Fourier transform of
Cαα′(ω) ≡
∫ ∞
0
dt eiωt
〈
δIˆα(t)δIˆα′ (0)
〉
. (7)
The lead-specified current noise spectrum via the full
Fourier transformation is then
Sαα′(ω) = Cαα′(ω) + C
∗
α′α(ω). (8)
3Its values at positive (ω > 0) and negative (ω < 0)
frequencies correspond to energy absorption and emis-
sion processes, respectively [36, 48, 58]. It is worth
noticing that in the equilibrium case, the absorptive
and emissive components are related each other via the
detailed–balance relation or the equivalent fluctuation–
dissipation theorem. However, they are generally inde-
pendent in a nonequilibrium scenario. The widely studied
symmetrized noise spectrum corresponds to Ssymαα′ (ω) =
Sαα′(ω) + Sα′α(−ω). This can not distinct the nonequi-
librium absorption versus emission processes [51].
Moreover, the net circuit current in experiments is
given by I(t) = aIL(t) − bIR(t), with the junction ca-
pacitance parameters, a, b ≥ 0, satisfying a + b = 1
[25, 42, 48]. The circuit current noise spectrum is then
S(ω) = a2SLL(ω) + b
2SRR(ω) − 2abRe[SLR(ω)], and for
the symmetric structure of a = b = 1/2, it reads
S(ω) =
1
4
{
SLL(ω) + SRR(ω)− 2Re[SLR(ω)]
}
. (9)
Numerical evaluations will be carried out via the
fermionic DEOMmethod [56–58]; see Appendix A for the
details. This is a quasi-particle extension to the well–
established hierarchical–equations-of-motion formalism
[64]. As an efficient and universal method for strongly
correlated quantum impurity systems [65–69], DEOM
converges rapidly and uniformly to the exact results, with
increasing the truncated tier level, L = ntrun. The min-
imal truncation tier L required to achieve convergence
is closely dependent on the configurations of system as
well as bath. In practice, the convergence with respect
to L is tested case by case. For the parameters exempli-
fied in the following numerical calculations, the DEOM
evaluations effectively converge at L = 3 tier level.
III. NUMERICAL RESULTS
To clarify the physical picture, we consider the
symmetrical–leads situation, where µL = −µR = V/2,
ΓL = ΓR = Γ and λL = λR = λ. Moreover, we fo-
cus on the sequential-dominated tunneling regime, with
µL > ε1, ε2 > µR and kBT & Γ, under the environment-
assisted indirect interdot tunnel coupling with λ = 1.
The effect of the indirect coupling parameter λ on the
current noise spectra and the corresponding coherent
charge dynamics of the charge states will be given in
the Appendix B. Set the wide bandwidth value of W =
10meV for the electron reservoirs. The details of other
parameters are given in the captions of the figures. It
is worth noting that the characteristics on the auto-
correlation noise spectra, SLL(ω) and SRR(ω), are quite
similar; thus only the results of SLL(ω), together with
Re[SLR(ω)], are explicitly reported below.
To elucidate the underlying mechanisms, the reduced
system density matrix charge states dynamics will also
be reported. Note that the degenerate DD–AB systems
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FIG. 1: (Color online) The accurate results for the current
noise spectra (in 2I¯) and the real-time dynamics of the charge
states in the double-dot, for noninteracting U = 0 and AB
phase φ = 0 with different energy splitting ∆ε. Here, we set
ε1 = ∆ε/2, and ε2 = −∆ε/2. (a) The auto-correlation noise
spectrum of the left lead, SLL(ω). (b) The cross-correlation
noise spectrum of the left-right leads, Re[SLR(ω)]. (c) and (d)
The time evolution of the off-diagonal density matrix ρ12(t)
with the real and imaginary parts, respectively. The inset in
(d) is the dissipative dynamics of the probabilities of the four
charge states in the double-dot. The other parameters are (in
meV) eV = 1.4, Γ = 0.01 and kBT = 0.02.
(∆ε = 0) were studied before [20–22]. The resulted den-
sity matrix evolves smoothly without oscillations. For
noninteracting case, the indirect interdot coupling would
lead to a charge qubit phase localization [20, 21]. How-
ever, for strong interacting case, the phase is continuously
tuned by AB flux [22]. Moreover, the resulted charge
qubit is an almost coherent pure state [22]. The present
paper focuses on the nondegenerate case (∆ε 6= 0), elu-
cidating in particular the spectroscopic signature of the
two charge states with finite energy–splitting.
A. Noninteracting scenarios
This subsection is concerned with the noninteracting
scenario; i.e., U = 0 in the Hamiltonian Eq. (1). To single
out different effects, we consider first the pristine double–
dots system, in the absence of magnetic flux (φ = 0).
Figure 1 displays the numerically accurate results on the
noise spectra and the real-time charge–states dynamics
in the pristine system. As seen in Fig. 1(a) and (b),
the noise spectrums of both auto and cross correlations
show dips at the energy splitting, i.e., |ω| = ∆ε with
∆ε = ε1 − ε2. This feature is similar to that of the in-
trinsic coherent Rabi oscillation induced by the direct
interdot coherent coupling in both serial and parallel co-
herent coupled double-dot [54, 60]. Indeed, we find the
coherent Rabi oscillation dynamics between the two non-
degenerate charge states, |1〉 and |2〉 in the double-dot.
This is concerned with the reduced density matrix ele-
4-2 -1 0 1 2
-0.3
-0.2
-0.1
0.0
0.1
0 10 20 30 40 50
-0.05
0.00
0.05
-2 -1 0 1 2
-0.1
0.0
0.1
-2 -1 0 1 2
0.62
0.63
-2 -1 0 1 2
0.0
0.1
0.2
0.3
0.4
0.5
-2 -1 0 1 2
0.0
0.5
1.0
-2 -1 0 1 2
0.3
0.4(b)
w (meV)
 f=0
 f=p/4
 f=p/2
 f=3p/4
 f=p
Re
[S
LR
(w
)]
time (ps)
 f=p
 f=p/2
 f=p/4
 f=0
 f=-p/4
 f=-p/2
 f=-p
(c)
Re
[r
12
(t)
]
w=De
f/p
f/p
w=De
(d)
w (meV)
 f=0
 f=p/4
 f=p/2
 f=3p/4
 f=p
S(
w
)
(a)
w (meV)
 f=0
 f=p/4
 f=p/2
 f=3p/4
 f=p
S L
L(
w
)
w=De
f/p
FIG. 2: (Color online) The accurate results for the cur-
rent noise spectra (in 2I¯) and the real-time dynamics of the
reduced density matrix off-diagonal element, with different
AB phase φ for noninteracting U = 0 and energy splitting
∆ε = 0.7meV. (a) The auto-correlation noise spectrum of
the left lead, with the oscillation signal in the absorption part
as a function of the AB phase in the inset. (b) The cross-
correlation noise spectrum, with the oscillation signal in the
absorption part as a function of the AB phase in the inset.
(c) The time evolution of Re[ρ12(t)]. (d) The circuit noise
spectrum, with the Rabi signal in the absorption part as a
function of the AB phase in the inset. The other parameters
are the same as in Fig. 1.
ment of ρ12(t), as plotted in Fig. 1(c) and (d). In con-
trast, the population dynamics of the two charge states,
as reported in the inset in Fig. 1(d), show no oscillations
at all. While the Rabi oscillation frequency occurs at the
energy splitting, ω = ±∆ε, its manifestation as a quan-
tum interference transport goes also by the environment-
assisted indirect interdot tunnel coupling (Γα12 6= 0). It
will be further demonstrated in the Appendix B.
It is also noticed the Lorentzian-like (Markovian) dip
at ω = 0, in both the auto– and cross–correlation noise
spectra. This feature arises from the Pauli exclusion
principle and is dictated by long–time dynamics [58].
Moveover, the transport induced transitions show in
Sαα(ω) the quasi-steps rising around ω = ±|εu − µα|,
whereas in Re[SLR(ω)], they are the non-Markovian
peaks at ω = −|εu − µα|. These features are also consis-
tent with our previous study on a single-impurity Ander-
son system [58]. They affect distinctly the aforesaid dips
at the Rabi frequency, ω = ±∆ε, which appear more re-
markably in the cross-correlation noise spectrum than the
auto–correlation ones. The observations here also agree
well with the Rabi dips nature of the indirect interdot
tunnel coupling.
Explore now the effect of AB phase φ by treading the
magnetic flux Φ, exemplified with U = 0 and ∆ε =
0.7meV. Interestingly, the auto-correlation noise spec-
trum is weakly modified by the flux, as displayed in
Fig. 2(a). The inset highlights that SLL(ω = ∆ε) is a
periodic function of the AB phase, but of a small ampli-
tude change.
In contrast, the cross-correlation noise spectrum, as
shown in Fig. 2(b), is very sensitive to the AB phase.
In particular, Re[SLR(ω)], at the characteristic oscilla-
tion frequency, ω = ±∆ε, changes from a valley at
φ = 0 to a peak feature at φ = ±π. It satisfies
Re[SLR(∆ε)] ≈ Re[SLR(−∆ε)] ∝ − cosφ; see the inset
of Fig. 2(b). In parallel, we present ρ12(t) in Fig. 2(c),
at different values of the AB phase. This reduced sys-
tem density matrix element describes coherence between
the two specified non-degenerate charge states, |1〉 and
|2〉, in the double-dot. The dynamical phase, which
could be represented with Reρ12(t = 2π/∆ε), is tuned
by the AB phase. The observed time-domain Rabi os-
cillation dynamics, which manifests the periodic behav-
ior with the AB phase and does reflect in Re[SLR(ω =
±∆ε)] ∝ − cosφ. This is purely the quantum interfer-
ence component and can be sensitively controlled by the
AB phase φ. In fact, the quantum inference occurs in
electron transport between the two reservoirs. That is,
the electron tunneling from the left (right) reservoir to
the right (left) reservoir is via the interference pathes,
i.e., dot 1 (channel 1) and dot 2 (channel 2). Appar-
ently, as the aforementioned quantum interference char-
acteristics are concerned, the cross-correlation noise spec-
trum [Fig. 2(b)] appears more prominent than the auto-
correlation counterpart [Fig. 2(a)]. The latter shows the
φ–insensitive dips only. In this sense, one may consider
SLL(ω) + SRR(ω) as the background to the total circuit
noise spectrum S(ω;φ) of Eq. (9).
The details of S(ω;φ) depicted in Fig. 2(d) are as fol-
lows. First of all, S(ω;φ = 0), the black–curve in
Fig. 2(d), shows only those non-Markovian quasi-step fea-
tures, which rise around ω = ±|εu − µα|, as described
earlier. Here, ε1 = −ε2 = 0.35meV and µL = −µR =
0.7meV. There are no Lorentzian-like dips, which ex-
ist in the individual auto– and cross–correlation noise
spectrums at ω = 0 and ω = ±∆ε, but are now
completely canceled out. The non-Markovian peaks at
ω = −|εu − µα| in Re[SLR(ω;φ = 0)], the black–curve in
Fig. 2(b), are also smeared out in the total circuit noise
spectrum. Interestingly, recovered in S(ω;φ 6= 0), the
colored curves in Fig. 2(d), are only those Lorentzian-like
dips at ω = ±∆ε that specifies the non-degeneracy of
the double dots. Apparently, the depths of the charac-
teristic dips reach maxima when the AB phase φ = ±π;
see the inset of Fig. 2(d). It comes from the maxi-
mum peak feature of the cross-correlation noise spectrum
Re[SLR(ω;φ = ±π)] as described above, see Fig. 2(b).
Therefore, the total circuit noise spectrum is also sensi-
tive to the AB phase.
B. Effect of interdot Coulomb interaction
Consider now the effect of interdot Coulomb interac-
tion U on the coherent Rabi oscillation dynamics, exem-
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FIG. 3: (Color online) The accurate results for the current
noise spectra (in 2I¯) and the real-time dynamics of Re[ρ12(t)],
with differenct interdot Coulomb interaction for AB phase
φ = 0, indirect interdot coupling parameter λ = 1 and energy
splitting ∆ε = 0.7meV. (a) The auto-correlation noise spec-
trum of the left lead. (b) The cross-correlation noise spectrum
of the left-right leads. (c) The time evolution of Re[ρ12(t)].
(d) The circuit noise spectrum. The other parameters are the
same as in Fig. 1.
plified with ∆ε = 0.7meV. Coulomb-assisted transport
channels (ε1,2+U) modifies the characteristic quasi-step
at ω = ±|ε1,2+U−µα| and related features in the current
noise spectrums.
Figure 3 reports the results of the pristine double–
dots system (φ = 0), with different values of U . In
the weak Coulomb interaction regime (U = 0.15meV;
red–curves), where µL > ε1,2 + U, ε > µR, all transport
channels are inside the sequential tunneling or dias win-
dow. For the lead-specified noise spectrum components
and the density matrix coherence, Fig. 3(a)–(c), the Rabi
oscillation signals differ insignificantly from the nonin-
teracting counterparts (red–curves versus black–curves).
However, the total circuit noise spectrum S(ω) as shown
in Fig. 3(d) differs distinctly. It shows the peaks at ω = 0
and ω = ±∆ε, which would be completely cancelled out
if U = 0. In other words, the total circuit noise spectrum
is sensitive to the Coulomb interaction, even when the
Coulomb–assisted transport channels are inside the bias
window.
In the strong Coulomb interaction regime (U =
1.25meV; blue–curves), with ε1,2 + U > µL > ε > µR,
where the Coulomb-assisted transport channels are out-
side of the bias window. Akin to the intrinsic Rabi
oscillation via a direct interdot coupling [54, 60], the
dips at ω = ±∆ε in the auto-correlation noise spec-
trum, Sαα(ω), becomes inflections. Note that the
strong capacitive coupling makes the double–dots sys-
tem in the interdot Coulomb blockade (CB) regime.
This suppresses the zero-frequency shot noise (SLL(0) =
SRR(0) = −Re[SLR(0)]). Counter-intuitively, as inferred
from Fig. 3(b) and (c) the blue–curves, the strong capac-
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FIG. 4: (Color online) The accurate results for the current
noise spectra (in 2I¯) and the real-time dynamics of Re[ρ12(t)],
with different AB phase φ for strong interdot Coulomb inter-
action U = 1.25meV, indirect coupling parameter λ = 1, and
energy splitting ∆ε = 0.7meV. (a) The cross-correlation noise
spectrum. (b) The circuit noise spectrum. (c) The time evo-
lution of Re[ρ12(t)]. (d) The oscillation signal at ω = ∆ε in
both the cross-correlation noise and circuit noise as a function
of AB phase. The other parameters are the same as in Fig. 1.
itive coupling gives rise to the CB-assisted Rabi interfer-
ence. It enhances the Rabi resonance at ω = ±∆ε in
the cross-correlation noise spectrum and the correspond-
ing amplitude of the density matrix coherence oscillation
away from the short-time scale, i.e., t > 2/∆ε as inferred
from Fig. 3(c). The CB–assisted Rabi interference arises
from the Coulomb-assisted transport channels ε1,2 + U
which interfere with the single-electron impurity chan-
nels. Despite that ε1,2 + U is above the bias window,
it is accessible by finite-frequency current noise spec-
trum. The resultant total circuit noise spectrum, S(ω) in
Fig. 3(d), the blue–curve in comparing to the red–curve,
shows a stronger peak at ω = ±∆ε but a weaker one at
ω = 0.
C. Coulomb–blockage–assisted Rabi interference
with AB interferometer
1. Emergence of Fano interference
Figure 4 depicts the effects of AB phase φ on those CB–
assisted Rabi interference relevant quantities. Here, we
only plot the absorption noise with ω > 0, since the Rabi
oscillation signals in both the emission and absorption
noise parts are quite similar (see the above firgures). We
also do not repeat the auto-correlation noise spectrum
because it is AB phase φ–insensitive and remains largely
like Fig. 3(a). The fact that the cross-correlation noise
is φ–sensitive but the auto-correlation is not, is com-
mon for both noninteracting and interacting scenarios.
The Rabi oscillation, the evolution of the reduced den-
sity matrix off-diagonal element as seen in Fig. 4(c), is
6also φ-sensitive.
There is a remarkably distinct feature of CB-assisted
Rabi interference with AB interferometer: In the total
circuit noise spectrum, the Rabi signatures are peak and
dip at AB phase φ = 0 and π, respectively, but Fano pro-
files in between. Evidently, this remarkable feature arises
from the cross-correlation noise spectrum, as shown in
Fig. 4(a) versus (b). This novel phenomenon could be
understood below.
2. Understanding via canonical transformation
We restore to the canonical transformation on the elec-
tron operators in the dots which is given by [22],
d˜1 = (aˆ1 + aˆ2)/
√
2 and d˜2 = (aˆ1 − aˆ2)/
√
2. (10)
The two single-electron impurity states become |1˜〉 and
|2˜〉, with |u˜〉 ≡ d˜†u|0〉. The Hamiltonians described in
Eqs. (1) and Eq. (3) can be rewritten, respectively, as
H˜S =
ε0
2
∑
u=1,2
d˜†ud˜u +
∆ε
2
(d˜†1d˜2 + d˜
†
2d˜1) + Un˜1n˜2, (11)
with n˜u = d˜
†
ud˜u, and
H˜SB =
∑
αuk
(
t˜αukd˜
†
ucˆαk +H.c.
)
, (12)
with the tunneling coefficients t˜α1k =
√
2tαk cos(φ/4) and
t˜L2k = t˜
∗
R2k = i
√
2tαk sin(φ/4). They lead to the cou-
pling strengths in the hybridization spectral function of
Eq. (4) as [22],
Γ˜α11 = 2Γ cos
2(φ/4), Γ˜α22 = 2Γ sin
2(φ/4),
Γ˜L12 = Γ˜
∗
L21 = Γ˜R21 = Γ˜
∗
R12 = iΓ sin(φ/2).
(13)
Note that here, we considered the symmetrical coupling
strength and λL = λR = λ = 1.
The observed CB-assisted interference with AB inter-
ferometer could be understood based on Eqs. (11)–(13).
First of all, the auto-correlation noise describes the fluc-
tuations of the electrons tunneling forth and back from
the dots. Its spectrum is insensitive to the AB phase as
we elaborated earlier, cf. Fig. 3(a). Therefore, as the Rabi
characteristic in relation to the AB phase is concerned,
the circuit noise spectrum [Fig. 4(b)] is effectively oppo-
site to that of cross-correlation [Fig. 4(a)]. The latter will
be the focus below. We identity the following three cases
according to the value of AB phase.
(i) For φ = 2mπ [black-curve in Fig. 4(a)], we have
either Γ˜α11 = 0 or Γ˜α22 = 0, with odd or even m, re-
spectively, and accordingly Γ˜α12 = 0. The electron tun-
nels through only one of the transformed single–electron
channels, either |1˜〉 or |2˜〉. However, the second term in
Eq. (11) induces the transition between |1˜〉 and |2˜〉. The
interdot Coulomb interaction thus plays the role. Cur-
rent transports through DD-AB system via the interfer-
ence between Coulomb-assisted and the single-electron
impurity channels. The underlying Rabi resonance gets
enhanced and so do for the cross-correlation noise spec-
trums. The Rabi signature is a conventional dip, since
only one single–electron channel is allowed.
(ii) For φ = (2m + 1)π [purple-curve in Fig. 4(a)], we
have Γ˜α11 = Γ˜α22 = |Γ˜α12| = Γ. This is the case of
a full interference between both single-electron channels
with equal probability. The Rabi signature is a peak,
opposite to the one channel case (i).
(iii) For φ 6= nπ in between cases (i) and (ii), both
single-electron channels are involved, but with different
probabilities. The large one is the fast channel and vice
versa [22, 70]. This situation is actually the dynami-
cal Coulomb blockade regime [22, 70]. Current trans-
ports through DD-AB system via the interference be-
tween both flux-dependence fast and slow channels. That
induces the flux-dependence Rabi–Fano profiles in the
cross-correlation noise spectrum.
IV. SUMMARY
In summary, we have thoroughly investigated the
nonequilibirum quantum noise spectrum of the trans-
port current through a nondegenerate double–dot embed-
ded in an AB interferometer. Based on accurate DEOM
evaluations, we demonstrate the rich spectroscopic sig-
natures in relation to the Rabi oscillation between the
two charge states in the double dots. For noninteract-
ing double dots, the total circuit noise spectrum only
shows non-Markovian quasi-steps at φ = 0, but Rabi
dip at nonzero AB phase. For strong interdot Coulomb
interaction, the spectrum signatures are peak and dip
at φ = 0 and φ = π, respectively, but Fano profiles
at other values of AB phase in between. Occurs there
a remarkable Coulomb-blockade-assisted Rabi interfer-
ence, arising from the interplay between various mech-
anisms. These include the environment-assisted indi-
rect interdot coupling, coherent Rabi oscillation, lead-
specified current-current interference, interdot Coulomb
interaction, and further AB phase. All these mechanisms
and the interplay between them are elaborated in the
present work. The rich characteristics are inaccessible in
the average current and zero-frequency shot noise. To
the best of our knowledge, these results are the first un-
covered in the present work and may have potential ap-
plications in the field of quantum computer and quantum
information.
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Appendix A: The DEOM theory
In this appendix, we briefly outline the derivation of
the two-time current-current correlation function based
on the DEOM approach. The details see the references
[56–58]. Consider an electron transport setup, in which
an impurity system (HS) is sandwiched by electrodes
bath (hB), under electric bias potential (eV = µL − µR)
applied cross the leads, α = L and R. The total Hamil-
tonian reads HT = HS + hB + HSB. The system Hamil-
tonian HS includes the electron-electron interaction and
is given in terms of local electron creation aˆ†u (annihila-
tion aˆu) operators of the specified system, for instance,
see Eq. (1) in the present study. The electrodes bath is
modeled as noninteracting electrons reservoir described
by Eq. (2). The transport coupling between the reservoir
and the system is given by Eq. (3) which is rewritten as
HSB=
∑
αu
(
aˆ†uFˆαu +H.c.
)
, (A1)
with Fˆαu =
∑
k e
iφαutαukcαk. For the calculation of the
current noise spectrum, we should restore to the tech-
nique of the dissipaton decomposition on the hybrid bath
[56–58], i.e., Fˆ σαu ≡
∑K
k=1 σ¯fˆ
σ
αuk in Eq. (A1), with the dis-
sipatons operator fσαuk satisfying
〈
fˆσαuk(t)fˆ
σ′
α′vk′ (0)
〉
B
=
−δσ¯σ′δαα′δkk′ ησαuvke−γ
σ
αkt. This dissipaton decomposi-
tion arises from the nonequilibrium interacting reservoirs
bath correlation functions [64–66, 69, 71, 72], in an ex-
ponent expansion form of
〈
Fˆ σαu(t)Fˆ
σ¯
αv(0)
〉
B
=
K∑
κ=1
ησαuvκe
−γσακt. (A2)
Such an exponential expansion in Eq. (A2) is realized
via a sum-overpoles decomposition for the Fourier inte-
grand of the relation which is the so-called fluctuation-
dissipation theorem [64, 65, 73–75]:
〈
Fˆ σαu(t)Fˆ
σ¯
αv(0)
〉
B
=
1
pi
∫
dω eσi(ω+µα)t
Jσαuv(ω)
1+eσβω
, followed by Cauchy’s contour
integration. Here, we adopt the Lorentz form of the
the hybridization function, see Eq. (4), with J+αvu(ω) =
J−αuv(ω) = Jαuv(ω). The exponents γ
σ
ακ in Eq. (A2) aris-
ing from both the Fermi function and the hybridization
function.
For bookkeeping, we adopt the abbreviations, j ≡
(σαuκ) and j¯ ≡ (σ¯αuκ), for the collective indexes in
fermionic dissipatons, such that fj ≡ fσαku and so on.
The superindex σ = +,− (and σ¯ is its opposite sign)
is used to redefine the fermion creation and annihilation
operators, e.g., aˆ+u ≡ aˆ†u and aˆ−u ≡ aˆu in Eq. (A6). The
quantum coherence and/or decoherence dynamics of the
impurity systems are described by the reduced density
matrix, ρ(t) ≡ trBρtot(t), i.e., the partial trace of the
total density operator ρtot(t) over the electrode bath de-
grees of freedom. Dynamical variables in DEOM are the
reduced dissipaton density operators (DDOs),
ρ
(n)
j (t) ≡ ρ(n)j1···jn(t) ≡ trB
[(
fˆjn · · · fˆj1
)◦
ρtot(t)
]
. (A3)
Here,
(
fˆjn · · ·fˆj1
)◦
specifies an ordered set of n irreducible
dissipatons. A swap of any two irreducible fermionic dis-
sipatons causes a minus sign, such that(
fˆj fˆj′
)◦
= −(fˆj′ fˆj)◦. (A4)
From Eq. (A3), it is clear that the reduced system density
operator is just ρ(t) ≡ ρ(0)(t). The DEOM formalism
addresses also the hybridizing bath subspace dynamics.
After some algorihm together with Wick’s theorem, the
DEOM formalism has been obtained as [56–58]
ρ˙
(n)
j = −
(
iLS +
n∑
r=1
γjr
)
ρ
(n)
j − i
∑
j
Aj¯ρ(n+1)jj
− i
n∑
r=1
(−)n−rCjrρ(n−1)j−r . (A5)
The Grassmannian superoperators, Aj¯ ≡ Aσ¯αuκ = Aσ¯u
and Cj ≡ Cσαuκ in Eq. (A5), are defined via[64, 66, 69]
AσuOˆ± ≡ aσuOˆ± ± Oˆ±aˆσu ≡
[
aˆσu, Oˆ±
]
±
,
CσαuκOˆ± ≡
∑
v
(
ησαuvκaˆ
σ
v Oˆ± ∓ ησ¯ ∗αuvκOˆ±aˆσκ
)
.
(A6)
Here, Oˆ± is an arbitrary operator, with even (+) or odd
(−) fermionic parity, such as ρ(2m) or ρ(2m+1), respec-
tively.
The hierarchical structure in Eq. (A5) is formally iden-
tical to that derived originally via the calculus on path
integral influential functions [64]. All
{
ρ
(n)
j
}
are now
the physically well-defined DDOs, with Eq. (A3) that
goes by the mathematical irreducibility. The hierar-
chical coupling can be simply truncated by setting all
ρ
(n>L)
j = 0, at a sufficiently large L. While all L–
body dissipatons dynamics are treated exactly, the re-
sulting closed DEOM for
{
ρ
(n)
j ;n = 0, 1, · · · , L
}
repre-
sent also a dynamical mean–field scheme for higher–order
DDOs. In this sense, DEOM is naturally a nonperturba-
tive many-particle theory. The present algebraic con-
struction, based on the quasi-particle (dissipaton) de-
scription of hybridizing bath, renders the DEOM, rep-
resented by Eq. (A5), a correlated system and bath dy-
namics theory. It can be used in the accurate evaluation
on nonequilibrium properties of current noise spectrum
below.
From the definition, Iˆα ≡ − ddt
(∑
k c
†
αkcαk
)
, the cur-
rent operator, for the electron transfer from α-reservoir
to the impurity system, reads
Iˆα = −i
∑
µ
(
aˆ†uFˆαu − Fˆ †αuaˆu
)
= −i
∑
jα∈j
a˜j¯ fˆj . (A7)
8The second identity in Eq. (A7) is expressed in the dissi-
patons decomposition, where a˜j¯ ≡ a˜σ¯αuk = a˜σ¯u ≡ σ¯aˆσ¯u and
jα ≡ {σuk} ∈ j ≡ {σαuk}. The mean current can then
be evaluated in terms of the first-tier DDOs as
Iα(t) = TrT
[
Iˆαρtot(t)
]
= −i
∑
jα∈j
trS
[
a˜j¯ρ
(1)
j (t)
]
. (A8)
The trace trS runs over the system degrees of freedom. It
has been used in evaluating both steady-state and time-
dependent transient current in various situations[76–
78], including dynamical Kondo memory [67] and ther-
mopower [79] responses.
Similarly, the two-time current-current correlation
function can be evaluated as〈
Iˆα(t)Iˆα′ (0)
〉
= TrT
[
Iˆαρtot(t;α
′)
]
= −i
∑
jα∈j
trS
[
a˜j¯ ρ
(1)
j (t;α
′)
]
, (A9)
where
ρtot(t;α
′) ≡ e−iLTt(Iˆα′ρsttot), (A10)
with ρT(t = 0;α
′) = Iˆα′ρ
st
T
and ρst
T
denoting the steady-
state total composite density operator, under the bias
voltage of V = µL − µR. The key step for the calcu-
lation of the correlation function based on the DEOM
evaluation is to identify the initial DDOs,
{
ρ
(n)
j (0;α
′)
}
that are associated with ρT(0;α
′) = Iˆα′ρ
st
T
. Based on the
underlying dissipaton algebra and the generalized Wick’s
theorem (for the details see Refs.56–58). The initial val-
ues of DDOs in Eq. (A9) are given by
ρ
(n)
j (0;α
′)=−i
∑
j′
α′
∈j′
a˜j¯′ρ
(n+1);st
jj′ −i
n∑
r=1
(−)n−rC˜jrρ(n−1);stj−r ,
(A11)
where,
{
ρ(n±1);st
}
are the steady-state solutions to
DEOM (A5) by using the conditions, {ρ˙(n);stj = 0; ∀n}
together with the normalization constraint, trρ(0) = 1,
under given constant bias potential. The resulting ini-
tial
{
ρ
(n)
j (0;α
′)
}
are then propagated, by using the real-
time dynamics of Eq. (A5) again, to obtain
{
ρ
(n)
j (t;α
′)
}
.
Finally, the lead-specified current correlation function,〈
Iˆα(t)Iˆα′ (0)
〉
, is evaluated according to Eq. (A9). Con-
sequently, we can get the current noise spectrum Eq. (8)
together with Eq. (7).
Appendix B: The effect of the parameter λ
As expected, both the Rabi signal in the noise spec-
trum and the Rabi oscillation dynamics become weaker
as the indirect coupling parameter decreases. Figure 3(a)
and (c) report this characteristic, in the auto-correlation
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FIG. 5: (Color online) The accurate results for the current
noise spectra (in 2I¯) and the real-time dynamics of the re-
duced density matrix off-diagonal element, with different in-
direct coupling parameter λ for U = 0 and ∆ε = 0.7meV. (a)
The frequency-dependent auto-correlation current noise for
AB phase φ = pi. (b) The cross-correlation noise spectrum at
the oscillation signal in the absorption part as a function of
the AB phase. (c) The time evolution of the coherence term
Re[ρ12(t)] for AB phase φ = pi. (d) The total circuit noise
spectrum at the Rabi signal in the absorption part as a func-
tion of the AB phase. The other parameters are the same as
in Fig. 1.
noise spectrum and the reduced density matrix coher-
ence evolution, respectively, as demonstrated with φ = π.
The oscillatory quantum interference pattern disappears
if there is no indirect coupling (λ = 0). Meanwhile, the
effect of AB phase φ on the noise spectrum remain qual-
itatively the same as Fig. 2(a) and (b). It affects little on
the auto-correlation noise spectrum, but dramatically on
the cross-correlation one. The latter dictates the effect
of AB phase φ on the total circuit noise spectrum, S(ω)
of Eq. (9).
Figure 3(b) and (d) depict the characteristic peak/dip
values of the cross-correlation and circuit noise spec-
trums, respectively, at the Rabi frequency ω = ∆ε. The
observations here can be understood via Γα12 of Eq. (5).
This cross–type of system–reservoirs coupling is respon-
sible for the Rabi interference in transport. It is nonzero
only when the indirect interdot tunnel coupling param-
eter λ 6= 0. Its absence leads to the electrons tunneling
through channels 1 and 2 being independent. The in-
direct interdot tunnel coupling gives rise to the indistin-
guishability between the two channels. This leads further
to the coherence between the two charge states (|1〉 and
|2〉) in the double-dot, and the Rabi oscillation occurs
whenever |1〉 and |2〉 are also nondegenerate.
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